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i. INTRODUCTION 

Any finite source of sound generates a sound pressure 
that, in any direction, sufficiently far away under free-field 
conditions varies in inverse proportion to the distance from 
the source. 1 Very faraway the exact position from which tins 
inverse distance law applies is obviously not very important, 
but closer to die source the position of this "acoustic center"' 
may be of some concern. 

The concept of acoustic center is frequently referred to 
in the literature. It is defined in Refs. 2 and 3 as the position 
of the point from which spherical wavel'ronls appear to di- 
verge, and in Refs. 4 and 5 as the position from which the 
sound pressure varies inversely as the distance. Knowledge 
of the acoustic center is of concern whenever a well-defined 
distance to a source is needed, for example, in testing 
anechoic rooms by measuring deviations from the inverse 
distance law. 6 ' It can also be important to know die acoustic 
center of a transducer that is used primarily as a receiver. 
Most measurement microphones are used under free-iieid 
conditions, and free-field reciprocity calibration is the most 
accurate method of determining the free-field sensitivity of 
microphones. This method involves measuring the transfer 
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pendence of the distance can be ignored in reciprocity cali- 
bration of microphones.' 4 

Most rest] presented is i literatim. invt x:en d ei 
mined from deviations between the amplitude tor rms value) 
of the sound pressure and the inverse distance law. Cox mea- 
sured the acoustic centers of various transducers using a dis- 
mantled lathe bed for positioning the scanning microphone 
and a 10-tum potentiometer for compensating for the Mr 
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oralories. 1 Juhl has detei'miaed the acoustic centers of mi- 
crophones of types LSI and LS2 (laboratory standard "0.5 
in.") by calculating the. sound pressure amplitude at posi- 
tions on the microphone axes vising the boundary value 
method and assuming a parabolic movement of the 
diaphragms ix \nd finally Wagnei and 'Ned/elnil.sky havt de- 
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tion between two microphones. 39 

A lew examples oi ] , >, s i| det t l ' the acoustic 
center from phase measurements have been found in the lit- 
erature. Ando determined the acoustic center of a "pipe 
ho oudspe; , om measure) s of the phase shift be- 
tween two positions.' 0 Rasmussen also attempted to deter- 
mine spherical wavefronts and thus acoustic centers from 
phase measurements 4 Howes his mt id was found to 
fail completely because of im perfections of the anechoic 
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Let r indicate the physical distance from the observation 
point to a point on the real source, and let x indicate the 
position of the acoustic center. Several approaches are now 
possible. 

(i) If an analytical expression of the sound field gener- 
ated by the source is available then one can adjust the pa- 
rameter x in the expression of the amplitude of the sound 
pressure generated by the equivalent source. 
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where tine rate of change in practice (where no analytical 
expression is available) must be estimated over a suitable 
interval. This method was used by Cox and Rasmussen in 
their experimental work. 1- ' -14 and by Juhi in his numerical 
study. Similar methods based on measured transfer func- 
tions between pairs of microphones have been used in the 
work reported in Rei's, 17. 19, and 24. 

(iii) One can estimate the position of the acoustic center 

< ed Wih th u lih mwvt* .n v 1 1 sa.ru. 

spontis to equating the phase of the sound pressure generated 
by the equivalent point source with the phase of the sound 
pressure generated by the source under investigation. Evi- 
dently, a phase reference, for example, the velocity at some 
position on the source U, is needed. The result is the expres- 



Note that the e 1 "" sign convention is used in this paper. 

(iv) Alternatively, one can tise the corresponding group 
delay multiplied by the speed of sound, 22 



(v) One can estimate the position of the center from the 
curvature of wavefronts determined from phase meas- 
urements. 14 -' 1 '' 

A. Some simple- examples 

A few examples will be presented to demonstrate how 
the methods work. The first source to be studied is a pulsat- 
ing sphere, due sound pressure a distance r from the center 
of a pulsating sphere with radius a and vibrational velocity U 
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!U) One can ptot tnc reciprocal sound pressure ampli- 
tude as a function of r, fit a straight line over the region of 
concern, and determine its intersection with the r axis, as 
specified in Ref. 23. This corresponds to the following ex- 
pression for the position of the acoustic center. 
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It is apparent that the volume velocity of the equivalent 
monopole that gives the same sound pressure m the far held 
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The two definitions based on amplitude considerations [Eqs. 
(2) and (3)] give x(k,r) = Q. hi other words, amplitude con- 
siderations place the acoustic centet > i > i tg sphere in 
the center of the sphere. By contrast, the two definitions 
based on phase considerations give 
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l'Kt. I. The acoustic center of a pulsating sphere of radius a calculated 
using the phase delay [Eq. (8)] (-•-) and the group delay [Eq. (9)] ( — ). 



x(k, r) = a — — Arctan ka 
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respectively. [Equation (8) agrees with Trott's results. 21 ] As 
Fig. 1 shows, the two methods based on phase considerations 
place the acoustic center of a pulsating sphere in the center 
of the sphere at low frequencies, but as ka increases it moves 
towards the surface. This makes sense since this is the point 
where the phase reference is taken. Note that none of the 
acoustic centers of the pulsating sphere depends on the dis- 

The second example is a baffled circular piston. The 
sound pressure generated hi a vibrating piston with radius a 
and vibrational velocity U at a position on the axis a distance 
r from the piston is 1 



FIG. 2. The acoustic center of a circular piston in a baffle of radius a seen 
from a distance of (a) five radii and (b) 10 radii. — , First amplitude-based 
method [Eq. (13)]; — , second amplitude-based method [Eq. (14)]; O, both 
phase-based methods [Eq. (15)]. 



The phase approach based on Eq. (4) gives yet another e 
pression, 



p(r) = pcVe^ie-V'-e-W+a-) 
----- 2jpcC/sin(*A)e'<»' - *<'' 4 - A)) , 



(10) 



A=4(v'r 2 -l-« 2 -r). (11) 
inserting into Eq (2) using ,i volume velocity of 

Q^lUm 2 (12) 



give: 



x(k,r)--= 



(13) 



The second arnplitude-based method, Eq. (3), gives a differ- 
ent expression. 



x{k,r) = - A = - - ( Vr 2 + a 2 - r) - - — . 



and since the phase of Eq. (SO) is a linear function of the 
frequency the group delay method. Eq. (5), gives She same 
value in this case. 

As can be seen from Fig. 2, the acoustic center given by 
Eq. (13) is negative (a! though it can be positive when the 
normalized frequency ka j» very high), its numerical value 
increases with the frequency (although very weakly if ka 
<1), and it is essentially inversely proportional to r. (The 
last mentioi i. ptt x t ee- Hjth tesuits t >k mted in 

Rasmussen's report. 14 ) Equation (14) gives values with the 
same tendency but apprcv j> s ic t - , Urge Equation 
(15} agrees fairly well with Eq. i 13; only when ku< i. Ae- 
, >td o k nt ods , hjii . kci o" a baffled 
circular piston is placed behind the piston. Unfortunately the 
position of the center depends not only on the frequency but 
also on the distance, unlike the acoustic center of a pulsating 
sphere. 
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The third example is that of a point source on a rigid cal Hankel function of the second kind and order m. The 

sphere. The sound pressure generated by a inonopoie with a equivalent monopole can be shown to have a volume veloc- 

voiutne velocity of Q placed on a rigid sphere with radius a ity of 

is 25 
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Equation (18) jigrees with cqu;dions derived by Cox and Rasmusse!!. 11 14 The amplitude method based on Eq. (3) gives a 
somewhat more complicated expression, 
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a which «J J '(.v) is the spherical Hankel Sis nelson of the first kind and order and 
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Finally the method based on die phase delay gives 
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Figure 3 shows the acoustic center of the point source on 
the sphere calculated using Eqs. (18), (19), and (21). It is 
apparent thai the acoustic center based on amplitude eonsid- 
v a ion ■> piact i mo Ik ysic source i ow fre- 
quencies and moves towards the source as the frequency is 
ti v v ised h . i (IS) iproaehcs 1 .5 i . )e r; - > 
the sphere as ka goes to zero and kr goes to infinity. 13 '' 4 By 
vOi li st 1 i t e-Krcd v > tie a i > t ; iiniceti behind 
entire sphere at low frequencies. 
B. Discussion 

In practice it may be difficult to determine the volume 
velocity of the equivalent source- so the first method, which 
at first glance seems quite reasonable, may be difficult to use 
in experimental or numerical work. More importantly, it is 
not completely obvious how the resulting acoustic center 
should be interpreted, although it is clear that it reflects de- 



viations from the inverse distance law of a point source ad- 
justed to give the same far field. The second method, which 
does not «. I < the s< v ant rh e the 

point from which the inverse distance law appears to apply 
seen from a certain distance, would seem to be more useful, 
and this is clearly the relevant method lor free-held reciproc- 
ity calibration of microphones and for testing aneehoie 
rooms. The method ha eel on the phase delay may well be 
useful for other applications. It may, for example, be useful 
to know the position of the phase-related acoustic centers of 
loudspeaker units. On the other hand it is not clear from Ref. 
22 why the group delay, which is a quantity associated with 
the speed with which the energy of a wave packet travels in 
a dispersive medium."'' ' s should be relevant. The method 
based on the cut mature of WAefunUs mmk.h u> ix reli- 
able in practice because of imperfections of the aneehoie 
room. 
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l'Ki. 3. The acoustic center of a point source on a rigid sphere of radius a 
seen from a distance of (a) Sve radii and (b) 10 radii. First amplitude- 
based method [Eq. (I8)|: — . second ampl iinde-based method (Kq. (19)]: 



d|L< 



(21)]. 



One might have hoped that the various methods would 
lead to the same result, but that seems to be the case only if 
the source is a point mtmopole (in tree space or on a rigid 
baffle). The analysis of a few simple wises has demonstrated 
that the concept of an acoustic center is more complicated 

it is apparent that the acoustic center of a source of 
sound can be placed behind the physical vibrating surface or 
in front of it. That amplitude considerations lead to the 
acoustic center of a baffled piston being placed behind the 
piston can be explained by the fact that the sound pressure 
assumes a finite value m i'toot of the piston unless the piston 
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around the sphere. Another explanation is that the sound 
pressure in all the outgoing waves [the terms of Eq. (16)] 
except that of zero order decays faster than 1/r near the 
sphere. Such considerations lead Rasmussen to conclude that 
the acoustic center of a condenser microphone could be ex- 
pected to he placed at a position about half the radius in front 
of the diaphragm at low frequencies, and closer to the dia- 
phragi i or evei >el id it t big s , i ^ vs " 

Hi. EXPERiMENTAL RESULTS 

To supplement the theoretical examples some experi- 
er functions 




Frequency (Hz) 



l'Ki. 4. Acoustic centers of microphones of type LSI determined from the 
rate of change of the modulus of the transfer function (-•-), and determined 
from the free-field phase response using the phase delaj ( — ) and using the 
group delaj ( — ). The free-lield phase response has been corrected for the 
phase of the pressure sensitivity. 



between three pairs of condense; microphones of type LSI 
have been measured at four different distances (from 200 to 
500 mm) in a small anechoic room, using a special time- 
selective technique for removing the influence of cross-talk, 
reflections from the wads, and standing waves between the 
microphones.' 4 ' 2 ''' The acoustic centers were determined from 
the rate of change of the amplitude of these functions (cor- 
rected lor the absorption of air), using the procedure based 
on Eq. (3). Figure 4 shows the results, which are in good 
agreement with values given hi the IEC standard ' up to about 
18 kHz. For comparison the results of determining the acous- 
tic center from phase measurements are also shown, in this 
case the physical distance between tire two microphone dia- 
phragms has been used in calculating the Iree-lieid sensitivi - 
ties from measured transfer functions. The resulting complex 
free-lield sensitivities have been corrected for the phase of 
the pressure sensitlvitlc and laiaily processed as indicated 
by Ecs. (4) and (5). (The phase of the pressure sensitivity is 
related to the internal mechanism of the microphone and has 
nothing to do wish the phase resulting J torn the geometry and 
the vibrational pattern ol the diaphragm.) The spikes in the 
vane determined from tite group delays are due to the dif- 
ferentiation, It is apparent that neither the results deduced 
from the phase delay nor the corresponding values deter- 
mined from the group delay are m agreement with the acous- 
tic center determined from amplitude measurements. How- 
ever, i! is clear from die analysis .move that no such 
agreement could be expected. 

Using t i ■> s die heiv.c.n i i n ] in it: in 
determining then free-fielc e itivities from measured 
it s - ! ( ^s s da elieei i i , j Ute \t Mt >'ti> 
slightly dependent on the distance. When the distance be- 
tween the amplitude -based acoustic centers is used in the 
calculations the resulting iree-iieid sensitivities become es- 
sentially independent of the distance, and It is obviously 
these centers that should be used. The amplitude-based 
acoustic centers t . u r e distance 



1472 J. Acoust. Soc. Am., Vol. 115, No. 4, April 2004 



Jacobsen ef a/.: The acoustic center 



; much closer to each other ii 
in these measurements. 



[V. CONCLUSiONS 

The 



idea ot replacing a real, extendeo source by an 
equivalent point source irom which outgoing wavefronts ap- 
pear to diverge is deceptively simple, and various procedures 
for determining the position oi" such a source give m general 
different results. The most useful approach, in reciprocity 
calibration of transducers as well as in testing the quality of 
anechoic rooms, would seem to be the one that gives the 
p> o ! I I i. ! til -t c l.u -> ^ >■ C ) 

irom positions in the region of concern. 
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